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Abstract

Single atom catalysts (SACs), owing to their high activity, selectivity, and 100 % atom utilization
properties, show a great potential for heterogeneous catalysis. However, it is still a challenge to
synthesize SACs because of their poor stability and tendency to aggregate. In this regard, we
propose an approach to synthesize a stable Ir single atom catalyst on Co30,4 substrate using
hydrothermal technique followed by calcination. The XAS and XPS analysis reveals the strong
electronic coupling between the Ir SAC and support matrix, which stabilizes the single atoms via
formation of Ir-O and Ir-Co bond pairs. The strong electronic interaction results into enhanced
density of unoccupied d-orbitals of Ir single atoms, and higher valence state of Co atoms, both
synergistically improved the electrocatalytic activity. HAADF-STEM images confirm the isolated
homogenous distribution of Ir single atoms on the Co;04 matrix. The synthesized catalyst, Irsac-
Co304shows improved activity for electrocatalytic oxygen evolution reaction (OER) in 1 M KOH,
with an overpotential of 270 mV, and a Tafel slope value of 76 mV/dec. Irsac-Co304 catalyst
exhibits high electrocatalytic durability up to 96 hours at an elevated current density of 130
mA/cm?, demonstrating robust electronic interaction of single atoms with the support matrix, that
prevents the aggregation of single atoms. Post-electrocatalytic XPS analysis reveals no substantial
change in the valence state, which can be further accredited to the electronic coupling between the
support and the single atom. DFT finding demonstrates that the presence of Ir single atom promotes
the OER kinetics by stabilizing the key reaction intermediates and lowering the overpotential of

rate-determining step.

Key words: Single atom catalysts, Oxygen evolution reaction, Synergistic effect, Metal-support

interaction, and Density functional theory
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Introduction:

In the current context, the most extensive energy conversion sources are fossil fuels. This
excessive dependence not only causes their exhaustion but also raises environmental concerns. To
solve this issue, we need to look after towards cleaner, abundant and reasonable energy sources.
In this context, one of the most renowned approach for producing renewable and sustainable
energy is electrocatalytic water splitting, which generates hydrogen and oxygen.!- 2 The OER
process involves a multi-step, four-electron exchange procedure includes a complex mechanism
that involves O—O coupling and O—H bond breaking, which makes it sluggish in nature compared
to the HER, which involves a two-electron transfer procedure. Thus, the overall productivity of
electrocatalytic water splitting suffers from the slow reaction kinetics of anodic OER, which
leading to substantial energy loss, necessitating the design of an efficient OER electrocatalyst.
Currently, IrO, and RuO, are the most extensively employed commercial electrocatalyst for OER,
but the scarcity and poor stability limit their widespread application.’-> Consequently, many efforts
have been carried out to develop an affordable alternative electrocatalyst for OER, such as
transition metal-based oxides® 7 or hydroxides,® ? sulphides,'% ! phosphides,'? 3selenides!4, and
perovskite oxides.!> 16 Nevertheless, their catalytic activity is inadequate and far less than the

standard, requiring refinement to obtain substantial efficiency.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Single-atom catalysts (SACs) have engrossed much consideration due to their

electrocatalytic performance in heterogeneous catalysis for many advantages, such as enhanced
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homogeneity of active sites, elevated activity, and maximum atom utilization.!’->! Furthermore,

(cc)

the unsaturated coordination state of isolated atoms maximizes metal atom utilization, and lowers
the reaction energy barrier, thereby promoting efficient adsorption and activation of reactant
molecules. However, the synthesis of SACs remains challenging due to their low metal loading
and poor stability, leading to the aggregation of isolated atoms into either a nanoparticle or a
cluster.?? 23 These isolated atoms can be mounted to a variety of supports, such as carbon-based
materials,?* metal phosphides,?® layered double hydroxides?® and metal oxides.?’

Compared to the other types of support matrix, metal oxides have received extensive attention
because of their distinctive properties, such as their high stability, oxygen vacancy, defect sites.?®
2% These sites work as anchored points for isolated atoms and provide strong metal-support
interaction through the formation of M-M and M-O bonds between the isolated atoms and the

metal oxide support matrix.3% 3! Moreover, under OER conditions, transition metal oxide supports
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can undergo dynamic surface reconstruction, leading to the formation of catalytically active
(oxy)hydroxide layers. These reconstructed species are often considered the true active phase.3 33
The presence of single atoms may facilitate this reconstruction process, which further contribute
in enhanced electrocatalytic activity.3* In this regard, Kumar and co-workers3* synthesized an Ir
single atom on NiO support, which exhibited a 256 mV overpotential value to generate a 10
mA/cm? current density. The isolated Ir atoms are partly embedded on NiO substrate via forming
the Ir-O and Ir-Ni bond that provides the structural rigidity and prevent aggregation of Ir single
atoms. Moreover, under operating conditions, the active structure of the electrocatalyst was
analyzed by in situ Raman spectroscopy, which reveals the formation of NiOOH for both NiO and
Ir-decorated NiO. The formation of NiOOH takes place at a much lower potential for the Ir-
decorated NiO in contrast to the pristine NiO, suggesting the metal-support interaction among the
NiO support and isolated Ir atoms. Yang and co-workers?® developed an Ir single-atom catalyst
over oxygen-vacant CoNiO, support as an effective electrocatalyst for OER. The Ir single atoms
show a higher valence state and form an Ir-O covalent bond, resulting in substantial overlay of 5d
and 2p bands of Ir and O, respectively, which boosts the O, evolution by accelerating the
conversion from O-O to OO* by following the lattice oxygen mechanism pathway. Cai and co-
workers?¢ reported Ir single atoms supported on CoO, nanosheets for OER. The Ir atoms captured
by surface-absorbed oxygen form an Ir-O-Co bond, stabilizing the isolated Ir atoms and promoting
the electrocatalytic OER. Shan and co-workers®’ synthesized Ir single atoms that integrated into
Co050y spinel (Ir 06C0,.9404) for an efficient electrocatalyst for OER in 0.1 M HCIO,. Single atoms
integrated into the Co304 via an ion interchange process, subsequently by calcination using ZIF-
67 as a source for Co;04, and observed an onset potential of 1.45 V vs. RHE, with high mass
activity of 2511 A g'!. The cooperative contribution of nano domains, containing Ir in octahedral
sites with in enclosure of the Co sites, is attributed to the elevated activity. Incorporation and
stabilization of Ce single atom on Co;0O4 support via Ce-O bond, reported by Zhao and co-
workers® for OER in acidic medium. The synthesized electrocatalyst exhibits an onset potential
of 1.57 V vs. RHE at 10 mA/cm? current density. The increased charge transportation and modified
electronic environment post Ce single atom incorporation to Co;04 were attributed to enhanced
activity. According to the literature described above, anchoring metal isolated atoms on a metal

oxide support can effectively improve the electrocatalytic OER activity.
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Inspired by the previous reports, we synthesized Ir single atoms supported on Co;04 on
carbon cloth (CC) via a hydrothermal process followed by pyrolysis. The synthesized catalyst
demonstrated elevated performance for OER in 1.0 M KOH. Pristine Co;0, and single-atom
decorated samples were intensively characterized using various techniques such as X-ray
diffraction (XRD), high-angle annular dark field spectroscopy (HAADF-STEM), X-ray absorption
spectroscopy (XAS), and X-ray photoelectron spectroscopy (XPS). The optimized Ir SAC on
Co50,4 showed the superior electrocatalytic OER activity in alkaline medium, achieving a 10
mA/cm? current density at an onset potential of 1.51 V vs. RHE, and a low Tafel slope value, 76
mVdec'!. The following points briefly describe the positive outcome of this work: First, the
formation method is simple and easy to comprehend, resulting in a 3.04 wt% Ir single atom loading
on Co;04 support. Second, the enhanced activity result of faster charge transfer can be attributed
to the synergistic electronic coupling between the Ir single atoms and the Co;0,4 substrate. Third,
the as-synthesized Irsac-Co304 shows remarkable stability in OER. Fourth, the DFT results unveil
the metallic character for Irsyc-Co304 with zero band gap after the introduction of Ir, which

facilitates the charge transfer and subsequently improves the electrocatalytic activity.

2. Experimental Section

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

2.1. Synthesis of Co3;04
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The synthesis of Co3;04 involved a hydrothermal method followed by calcination. First,

Co(NOs3),.6H,0 (0.6 g) and NH,CONH, (0.6 g) were mixed in 30 mL of Milli-Q water. The entire

(cc)

solution was then transferred to the autoclave. The carbon cloth was cut into a suitable shape (4 x
3 cm) and placed in the autoclave to undergo an 8-hour hydrothermal reaction at 95 °C. In the first
step, a metal-carbonate hydroxide precursor (Co(COs3),(OH),.H,0) was developed over the CC
surface. After washing with water and ethanol, the as-deposited CC was dried for 8 h at 50 °C. The
resulting carbonate precursor grown on CC was calcined for 3 h at 350 °C in a muffle furnace to

yield Co;04 and used as a pristine sample.

2.2 Synthesis of II'SAc-C0304

The synthesis of single-atom Ir-doped Co3;0, was completed in two steps. The

Co(CO3)x(OH),.H,0 precursor was initially synthesized over CC by following the hydrothermal
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method as discussed above. In the second step, the metal-carbonate hydroxide complex deposited
over CC was impregnated into a solution of IrCl;.xH,O (3.15 x 102 M or 10 mg/mL) for 10
minutes, followed by drying and calcination at 350 °C for 3 h, to obtain Ir single atom doped Co50,
(Irsac-C0304). The amount of Ir precursor was optimized by varying the concentration of
IrCl3.xH,O solution (5 mg/mL, 15 mg/mL, 20 and 25 mg/mL), where the other reactant remains
unchanged. ICP analysis of all the samples obtained by varying the concentration of the Ir
precursor solution is presented in Table S1 (Supporting Information). The data indicate that the Ir
weight percentage on Co;0, increases with increasing concentration of IrCl;y solution. The

optimized sample exhibits an Ir content of 3.02 wt%.
2.3 Electrochemical measurements

The electrocatalytic activity of Irgyc-Co304 and Co304 was evaluated in 1 M KOH by a three-
electrode system. The working electrode was made with sample-obtained (Co;04 and Irsac-Co304)
on CC, while Ag/AgCl and graphite rod were used as the reference and counter electrode,
respectively. The working electrode area (0.4 x 0.4 cm2) was fixed by applying epoxy paste on
the sample-deposited CC. The catalyst loading of Irgac-Co3;04 and Co3;04 was 0.28 mg. All
electrochemical investigations were performed using the CHI604E instrument. At a scan rate of
2.0 mV/s, and a potential window of 0 to 0.8 V for OER vs. Ag/AgCl was employed for the linear
sweep voltammetry (LSV) analysis. The formula Egyg = Exgiagcr + 0.0591 pH + E%5gaeci Was
employed to convert the potential of the Ag/AgCl reference electrode to the RHE scale. In the
electrochemical impedance spectroscopy (EIS) analysis of Irsac-Co3;04 and pristine Coz;0,, the

onset potential was used as an operational bias for data recording.

3. Results and Discussion
3.1. Mechanism for the synthesis

The experimental section explained the complete synthesis of Ir single atoms anchored over
Co304. In the first step, i.e., hydrothermal process, the metal-carbonate hydroxide precursor
(Co(CO;)x(OH),.H,0) is formed. First, the hydrolysis of urea released CO5>- and OH-, which then
react with the Co?" and form metal-carbonate hydroxide precursor. In the second step, the metal-

carbonate hydroxide precursor was converted into Co;Oy4 by calcination for 3 h at 350 °C. To
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synthesize Irgac-Co304, the metal-carbonate-hydroxide complex was impregnated into the
IrCl; xH,O solution to enable the electrostatic adsorption of Ir-ions on the precursor surface, then
drying and calcination for 3 h at 350 °C. The overall synthesis strategy for Irgsc-Co30, is given in

Scheme 1. The plausible reaction mechanism involved in the formation of Cos;0; is as follows:

H,NCONH, + H,0 — 2NH; + CO,
NH; + H,0 — NH,* + OH-

CO, +H,0 — COs> + 2H*

Co*2+ xCOy> + yOH + H,0 — Co(CO3),(OH),.H,0
Co(CO3)(OH),.H,0 2 Co30, + xCO, + yH,0

Co(II) ion, and
urea

d :
y )

(i) Impregnation in IrCly
solution, 10 min

e

Hydrothermal, (ii) Calcination, 350 °C, 3 h

95°C,8h

Co(CO;),(0H),.H,0 on CC

Scheme 1: Schematic presentation for the synthesis of Irgac-Co304 on CC

3.2. Material characterization for structural analysis

The phase purity and crystallinity of pristine Co304 and Irsac-Co304 samples are confirmed by
XRD analysis. The distinct and prominent diffraction peaks for both samples (Fig. S1) are
consistent with the cubic phase of Co;04 (JCPDS 00-042-1467) with cell parametersa=b =c =
8.07 A and a = B =7 =90 °. The well-matched diffraction patterns indicate the formation of a pure
phase in the synthesized samples. A broad peak at 25 ° is observed corresponding to the CC. The
diffraction angles of Irsac-Co304 sample show no significant change or shift, suggesting that Ir
single atoms are not altering the lattice parameters and crystal structure of Co;04. Moreover, no
diffraction peaks for Ir and IrO, are observed in the Irsac-Co;04 sample, indicating the absence of

both metallic Ir and IrO,.
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The morphology of both pristine Co;0,4 and Irsac-Co3;04 samples is analyzed by FESEM.
The FESEM images of the pristine sample at various resolutions are shown in Fig. S2a and b that
reveal the uniformly distributed nanoflower morphology throughout the carbon cloth. The
synthesized nanoflower are composed of thin nanorods of thickness reaching from 100 to 400 nm
along with rough morphology. Fig. 1a and b show FESEM images of Ir single atom-doped Co504
sample at low and high resolution, confirming the retention in morphology. Thus, the uniform
distribution of nanoflower morphology along with a rough surface ensures the complete exposure
of catalytic sites and efficient contact between the electrode and electrolyte. FESEM images of
other samples synthesized using various concentrations of IrCl; solution are given in Fig. S2 (c-
h). The morphology of all the samples remained similar across varying concentrations of the IrCl;
solution. This indicates that the amount of IrCl; does not influence the morphology of the material.
The SEM-EDS mapping analysis of [t/Co30,4 samples with varying Ir concentrations is presented
in Table S2. The results indicate a uniform distribution of Ir elements with increased concentration.

To further confirm the morphology and crystallinity of pristine Co;04 and Irsac-Co30y,
TEM and HRTEM analyses are performed. TEM image of Co;04 (Fig. S3a and b) verifies the
nanoflower morphology. The d-spacing value of the (311) plane is calculated to be 0.24 nm for
the of pristine Co304 sample (Fig. S3c). The TEM image (Fig. S3d and e) of the Ir single atom
doped sample shows similar nanoflower morphology made of nanorods. The atomic dispersion of
Ir single atoms over Co;0,4 support is confirmed by HAADF-STEM images. As shown in Fig. 1c,
d, and e, the isolated bright spots corresponding to Ir atoms are uniformly distributed across the
entire Co304 support matrix, showing the successful synthesis of Ir single atoms without any
aggregation. HAADF-STEM element mapping analysis (Fig. 1f) further validates the uniform
atomic distribution of Ir single atoms over the CO;0, surface. Additionally, HAADF-STEM
analysis of the Ir/Co;04 sample containing the highest wt% (4.91 %) of Ir was also performed.
Fig. 1g and h show the bright spots in aggregate form, indicating the formation of an Ir cluster on
Co304 support (Iruseer-C0304). The aggregated form of Ir cluster is further verified by EDS
mapping analysis (Fig. 11). This observation demonstrates the transition from atomically dispersed

Ir to aggregation in cluster form with increasing wt% of Ir.
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Fig. 1. FESEM images at low and high resolution (a and b), HAADF-STEM images with the optimized
concentration of Ir is 10 mg/mL (c, d, and e), and corresponding STEM elemental mapping (f) of Irsac-
Co;04. HAADF-STEM images, where Ir concentration is 25 mg/mL (g and h), and (i) element mapping

for Ircluster'co3o4-


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta00849f

Open Access Article. Published on 13 April 2026. Downloaded on 4/14/2026 6:36:15 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

Page 10 of 34

View Article Online
DOI: 10.1039/D6TA00849F

In order to have insight into the valence state and local coordination environment, the X-
ray near-edge fine structure (XANES) and extended X-ray absorption fine structure (EXAFS)
spectra were employed for Ir-Co;0,4 sample, commercial IrO, and Ir foil were used as benchmarks.
Fig. 2a shows the normalized XANES spectrum at the Ir L;-edge for Irsac-Co304 along with IrO,
and Ir foil for reference. The intensity of the white line/spectral line intensity (H,) of Ir Ls-edge
spectrum represents the density of unoccupied Ir-d orbitals and the extent of surface chemisorption
of oxygen.3% 40 Remarkably, the high intensity of the white line for Ir-Co3;0, compared to Ir foil
indicates the increased density of unoccupied orbitals of Ir atoms.*! That explains the superior
performance of Ir-Co;0,4 for electrocatalytic OER, since an increased density of unoccupied
orbitals promotes the electrocatalytic efficiency. Furthermore, the shift in the inflection point (Ip)
indicates the higher threshold energy (Eg) of Irsac-Co3;04 compared to the Ir-foil, which validates
the depletion of the Ir-d band. The higher surface oxygen chemisorption and depletion of the d-
band of Ir present in the Ir-Co304 sample further suggest the existence of Ir single atoms.*?
Additionally, the position of the inflection point (Ip) of Irsac-Co304 lies between the Ir foil and
IrO,, which indicates the partial oxidation of Ir atoms in the Irgac-Co3;04 sample. The bonding of
Ir single atoms with the Co and O atoms of the support matrix can be attributed to the positive shift
in the threshold energy (E,), and the partial oxidation state of Ir atoms in Irgyc-Co304

The Fourier transforms EXAFS (FT-EXAFS) spectra of Irsac-Cos04, along with the
reference sample (Ir foil and IrO,) at the Ir L;-edge, are shown in Fig. 2b. The related parameters
for the quantitative structure of both Co3;0,4 and Irsac-Co304 are summarized in Table S3. As
evident, the Ir-Ir scattering path appears at 2.51 A is corresponding to the Ir foil. For Irgac-Co304
sample, the peak corresponding to the Ir-Ir scattering is absent, and also the zero-coordination
number (CN) for Ir-Ir bond pair (Table S3) firmly substantiates the formation of Ir single atoms
on Co30, support. The peak across the 1.0 to 3.0 A corresponds to the Ir-O and Ir-Co bond pairs
with a CNy.o= 3.01 and CNy,.c, = 2.16, respectively. The reduced coordination of 3.01 for the Ir-
O bond, in contrast to the expected CN = 6 for standard IrO,, further validates the partial oxidation
of Ir single atoms. Wavelet transform (WT) analysis provides additional insights into the structural
characteristics. As illustrated in Fig. 2c, the Irsac-Cos;04 catalyst does not show the peak
corresponding to the Ir-Ir bond pair, further strengthening the presence of Ir-single atoms.

The chemical state of Co is also investigated by Co k-edge XAS analysis. The XANES

spectra of Ir-Co30,, pristine Co;0,4, along with Co foil, are shown in Fig. 2d, which includes

10
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essential characteristics such as inflection point (Ip). The positive shift in the inflection point (Ip)
for Irsac-Co30,4 compared to the pristine Co;0,4 suggests a higher valence state of Co, ascribed to
the electron transfer from Co to Ir through Ir-Co bonding. Furthermore, the FT-EXAFS spectrum
reveals the coordination environment of Co-atoms. As shown in Fig. 2e, both Irgac-Co3;04 and
Co304 show similar FT-EXAFS profiles, indicating the Ir single atoms do not affect the local
structure of Cos;0y lattice. Furthermore, the WT pattern of both Co304 and Irgac-Co;04 exhibits a
missing peak intensity at 2.01 A, which belongs to the Co-Co bond pair in Co foil, indicating the
total oxidation of Co atoms in both samples (Fig. 2f). The overlay spectra of Ir-Co;0, EXAFS and

corresponding fitting is given in Fig. S4a.
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Fig. 2. X-ray absorption spectroscopy. (a) XANES, (b) FT-EXAFS spectra and (c) WT patterns at Ir Ls-
edge for Irgac-Co30, along with reference samples. (d) XANES, (e) FT-EXAFS spectra and (f) WT

patterns at Co K-edge for Irgpc-Co30,4 and reference samples.
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XPS analysis was performed to further assess the valence and chemical state of all elements
in both the Co304 and Irgyc-Co304 samples. Fig. S4b, c, and d demonstrate the survey and
deconvoluted spectra of Co 2p and O s, respectively, for the pristine Co;O4 sample.

The deconvoluted XPS spectra of Co 2p exhibit two doublets along with three satellite
peaks (Fig. S4c). The binding energy (BE) value of the doublets corresponding to the Co 2ps; is
779.37 and 780.81 ¢V, indicating the presence of Co’" and Co?", respectively. Another doublet
peak for the Co 2p;, state appeared at 794.31 and 795.75 eV, corresponding to the Co3* and Co?",
respectively. Three peaks can be seen in the O 1s deconvoluted XPS spectra (Fig. S4d): Ol
(positioned at 529.52 eV), 02 (530.90 eV), and O3 (532.24 e¢V). The metal-oxygen bond or lattice
oxygen is attributed to the peak at Ol. The peak O2 associated with the O-vacancy, oxygen in
absorbed water, is the cause of the O3 peak. All of the BE values of Co and O are well matched
with the literature.*3 44

Moreover, the presence of Ir and other ions in the Irsac-Co304 sample was verified further
with XPS survey scan (Fig. 3a). The deconvoluted Co 2p spectra reveal two prominent groups of
spin-orbit coupling peaks (Fig. 3b). The peaks at 779.98 and 795.07 eV represent the Co*" ions in
the Co 2p;, and Co 2py, states, respectively. Another two pairs of Co?" are located at 781.40 and
796.68 eV, corresponding to Co 2ps;; and Co 2p;». A substantial electronic interaction between
the Ir single atoms and the support atoms is shown by the binding energy values of Co 2p in the
Irsac-Co304, which exhibit a positive shift of approximately 0.63 eV compared to the pure sample.
The three satellite peaks are positioned at 784.82 and 788.93 eV, corresponding to Co?* and Co**
for the Co 2ps,, shake-up satellite, respectively, while another peak at 804.41 eV corresponds to
the shake-up satellite peak of Co** for Co 2p;,. The XPS spectra of O s are deconvoluted into
three peaks (Fig. 3c). Peak O2 at 531.53 eV corresponds to the O-vacancy, oxygen in lattice
oxygen (M—O0) at 530.28 eV, and in adsorbed water (O—H,O) at 532.48 eV. The binding energy
value of O 1s exhibits a positive shift of approximately 0.7 eV compared to the pure Co30,,
indicating a significant surface oxygen chemisorption following the insertion of an Ir single atom.
The O-vacancy was further quantified, the obtained % O-vacancy in C030y, Irsac-Co30, are 32.6
and 23.26, respectively. All the binding energy values for Co;04 and Irsac-Cos04 are listed in
Table S4.

The XPS spectra of Ir 4f is deconvoluted into three peaks (Fig. 3d). The peaks positioned at
62.39, 65.19, and 66.94 eV correspond to Ir 4f;,, Ir 4f5, and satellite peak, respectively.

12
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Furthermore, the peak appeared at 60.32 eV, corresponding to Co 3p. Higher BE energy of Ir
single atoms in Irsac-Co3;04 sample compared to the metallic Ir (60.8 eV) indicates that Ir atoms
are highly oxidized, which aligns well with the Ir L;-edge XANES result. Biswal and co-workers*
observed the value of binding energies of Ir 4f;, in IrO, and IrCl; are 62.54 and 62.13 eV,
respectively. The observed binding energy value (62.39 eV) of Ir 415, for the Irsac-Co3;04 sample
that falls between the binding energy values for metallic Ir (60.8 eV) and IrO, (62.54 eV),
indicating the intermediate oxidation state of Ir single atoms that align well with the Ir L;-edge
XANES findings.

The enhanced valence state of Co atoms of substrate could be attributed to the highly
oxidized Ir atoms over Co;0y, that acts as a Lewis acid and pulls the electron from nearby Co
atoms. By calculating the area within the curve, the ratio of Co**/Co3" is calculated for both Co;0,
and Irgac-C030y4, to confirm the electron-withdrawing nature of Ir atoms. The value of Co*"/Co3*
ratio for the Co;0,4 sample is 0.43. On the other hand, the ratio in the Irspc-Co3;04 sample is 0.39.
The higher valence state of Co for Co;0; is suggested by this lower value of the Co?"/Co** ratio,
which further indicates a significant electronic interaction between the Co atoms and the single Ir
atoms that results in electron relocation. The Co K-edge XANES study and the XPS analysis

results are in well agreement. Strong electronic coupling between the single atom and the support

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

matrix is thus represented by the positive shift in the binding energy values of both Co and oxygen

as well as the enhanced valence state of Co in Irsyc-Co304 in comparison to the pristine Co;0;.
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Our group noticed a similar phenomenon of decreased Ni**/Ni** ratio following heteroatom

(cc)

doping.#6

The formation of oxygen-vacancy further verified by electron paramagnetic resonance
(EPR) analysis. Both pristine Co;0, and Irgac-Co304 samples exhibits clear signals in the EPR
spectra (Fig. S5), indicating the presence of unpaired electrons associated with oxygen-vacancies.
The measured g values (spectral splitting factor) are 1.91 and 1.93 for pristine Co304 and Irgac-
Co0304, respectively. The coordination of Ir single atoms with O, regulates the oxidation state and
basic catalytic properties of single atom catalysts. While the bonding of Ir with Co atoms of support
matrix gives stability to the single atoms, which is reflecting in the durability during

electrocatalytic OER.?®
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Fig. 3. XPS analysis of Irgsc-C030, sample (a) survey spectrum, deconvoluted XPS spectra of (b) Co 2p,
(c) O 1s, and (d) Ir 4f.

4. Electrocatalytic performance: OER study

The electrocatalytic activity of all the developed samples were assessed in 1 M KOH, using a
three-electrode setup. The LSV analysis was recoded at a scan rate of 2 mV s'!. OER performance
of pristine Co304 and IrO, supported on CC was evaluated for comparison. The LSV polarization
curve (Fig. 4a) shows that Irgac-Co304 exhibited enhanced OER activity, requiring low

overpotential (I]) of only 270 mV to reach a current density of 10 mA/cm?, that significantly
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outperform the benchmark IrO, catalyst (I];o: 410 mV) and pristine Co3;04 (I];o: 350 mV). The
substantially improved OER activity of Irsyc-Co304 can be attributed to the presence of Ir single
atoms over Co304 support. The enhanced activity of Irgyc-Co304 can be seen by a histogram (Fig.
4b) that is plotted at 1.60 V vs. RHE for Irgac-Co3;04, Co304 and IrO,.

To optimize the amount of Ir, other samples were prepared using different concentration
of IrCl3.xH,0. The onset potential to achieve 10 mA/cm? current density is lowest for the catalyst
prepared by using 10 mg/mL concentration of Ir (Irsac-Co304) and highest for the sample
synthesized by using 25 mg/mL concentration of Ir (Ir.se,~C0304) (Fig. S6). This result reveals
that, despite the Irse,-C0304 sample having a higher Ir loading of 4.91 wt%, its OER activity is
inferior compared to the Irsac-Co3;0,4 sample, which contains a lower Ir content of 3.02 wt%. The
superior performance of Irgac-Co3;04 demonstrates the high atom utilization efficiency of SACs,
where atomically dispersed Ir atoms are more effectively involved in the catalytic process,
resulting in higher catalytic activity compared to the higher Ir loading in the cluster-based
counterpart.

The optimized concentration was further confirmed by TOF and mass activity analysis
(Table S5). A comparative analysis of OER values reported in the literature is provided in Table

S6. The high valence state of Ir atoms as a consequence of the robust electronic interaction from

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

the support matrix, which exhibits an elevated density of unoccupied orbitals, also the enhanced

valence state of Co atoms, together contribute to the improved OER activity of the Irgyc-Co30,.

Open Access Article. Published on 13 April 2026. Downloaded on 4/14/2026 6:36:15 PM.

Moreover, the superior OER performance of Irsac-Co3;04 was corroborated by its higher mass

(cc)

activity, at a fixed potential of 1.55 V vs. RHE. The values of mass activity for Irgac-C0304, Co304
and IrO, are 274.28, 35.74, and 35.71 A g!, respectively. Compared to pristine Co;Oy, Irsac-C030,4
exhibits 8 times greater mass activity, indicating a significant electron transfer efficiency, as

evidenced by its electrocatalytic activity.
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Fig. 4. Electrocatalytic OER activity: LSV polarization curve (a) for blank CC, C030,, Irsac-C030,,
and IrO, for OER, (b) histogram plot at 1.6 V vs. RHE, (c) Tafel plots of C030,, Irsac-C030,, and IrO,, and
(d) Nyquist plots of pristine Co3O4 and Irsac- Co304

In order to assess the kinetics of the electrode material, the Tafel slope was evaluated using
the Tafel equation (given in Supporting Information). The superior reaction kinetics of the Irgac-
Co304 reflected by its significantly smaller Tafel slope value (76 mVdec!) in contrast to Co;O4
(90 mVdec), and IrO, (121 mVdec!) (Fig. 4¢c). The faster charge transfer kinetics of Irgyc-C030,4
was further assessed by the EIS analysis (Table S7). Fig. 4d shows the lower charge transfer
resistance (Rct) for the Ir single atom doped sample (5.12 Q) compared to the pristine Co;04
(12.19 Q). The lower Rct value of Irsac-Co3;04 indicates improved kinetics and higher charge
transfer efficiency at the electrode-electrolyte interface of the material compared to the pristine
C050,. Furthermore, the lower charge transfer resistance of Irsyc-Co304unveil the close proximity

between the electrode and electrolyte. An equivalent circuit with solution resistance (Rg), charge
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transfer resistance (R¢r), and a constant phase element (CPE) is shown in the inset of Fig. 4d. To
further corroborate the enhanced intrinsic activity of Irsac-Co304 for OER, reflected by its lower
overpotential and higher mass activity compared to the pristine Co30,4 and benchmark IrO,, TOF
was calculated. The obtained TOF values at an overpotential of 370 mV for Irgac-Co304, Co304,
and IrO, are 0.03, 0.005, and 0.002 S-!. The TOF value of Irgpac-C030, is 6 times higher than
pristine Co304 and 15 times higher than the benchmark IrO,. The significantly higher TOF value
of Irsac.CO504 compared to both pristine Co304 and IrO; indicates its enhanced intrinsic activity
for OER. Table S8 contains a list of all the recorded values of both Co;04 and Irsac-Co304 samples.

Moreover, to calculate the electrochemical active surface area (ECSA), first the electric
double layer capacitance (C4) was evaluated by measuring the CV curves in the non-Faradic
potential region (Fig. S7a and b). The double-layer charging current plotted vs. the scan rate for
both pristine Co304 and Irgac-Co304 samples at a potential of 1.11 V vs. RHE (Fig. S7c). The
calculated ECSA values are 12.63 ¢cm? and 4.03 cm? with a roughness factor of 78.75 and 25.18
for Irsac-Co304 and Co;04, respectively. The enhanced value of ECSA and roughness factor,
indicating the elevation in the catalytic active sites and better interaction of reactants with the
electrode after the Ir single atom insertion to Co;O4 support.

To comprehend the increased activity of Irsac-Co304, CV analysis was carried out and

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

evaluated (Fig. S8). The CV curve can be separated into three different regions. Region (a)

signifies the adsorption of “OH ions to the active site. While region (b) contains two simultaneous

Open Access Article. Published on 13 April 2026. Downloaded on 4/14/2026 6:36:15 PM.

reactions: oxidation of Co?" to Co’", active site formation for OER, and the generation of O*, a

(cc)

crucial intermediate that binds with the OH™ group to produce *OOH for oxygen evolution.
Finally, the higher potential region (c) consists of the formation of O, via the coupling of O-O.
The significant decrease in both the peak potential and peak area for Co?"/Co3" in Irgyc-C030,
sample related to the Co30,4, shows the modified electronic structure of the Co;0, support as a
result of strong electronic coupling with Ir single atoms. This electronic coupling accelerates the
formation of Co?" to Co*" and the possible surface reconstruction from Co;04 to active CoOOH
phase, and thus promotes the OER kinetics by elevating the pre-oxidation process.?> 47 *8Lin and
co-workers,* identified a similar phenomenon of the formation of Ni** to Ni** during

electrocatalytic OER, which accelerated by the presence of Pt single atoms. Moreover, with the
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help of in-situ XAS analysis, Li and co-workers>® reported the elevated oxidation states of Co and

Fe during the OER process.
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Fig. 5. (a) LSV polarization curve before and after 1000 cycles, chronoamperometry analysis for long-
term stability (b) at 1.54 V vs. RHE, (c¢) at 1.77 V vs. RHE, and (d) XPS spectra of Ir 4f, before and
after stability test for Irsac-Co3;04 (€) UV spectra of Irsac-Co30;4 after 24 h electrocatalysis, (f, g)
Post-electrocatalysis HAADF-STEM images of Irgyc-Co304, (h) HRTEM image of Irgyc-Co304
after post electrocatalysis. HRTEM images shows a distinct boundary between highly crystalline
Co0304 core and a surface-reconstructed, low crystallinity CoOOH layer. Corresponding FFT
image (i) hexagonal symmetry for low crystalline CoOOH phase, and (j) cubic symmetry

corresponding to Co30,.

The durability of the Irsac-Co3;04 of the OER was assessed by 1000 LSV cycles along with
the chronoamperometry test. No significant change was observed in the LSV after 1000 cycles
(Fig. 5a). Furthermore, chronoamperometry analysis performed at 1.54 V vs. RHE shows no
evident degradation after 96 h (Fig. 5b). Additionally, the durability of the catalyst was further
evaluated at a higher current density of 130 mA/cm? under a fixed potential of 1.77 V. As shown
in Fig. 5c, no significant current degradation was observed even after long operational hours,
confirming the superior durability of the catalyst at elevated current density and highlighting its
potential for industrial applications. This long-term durability further validates the robust

electronic interaction of Co;0O4 support and Ir single atoms, which restrains the aggregation of Ir

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

single atoms throughout the electrocatalysis process. In this regard, He and co-workers reported

an extended durability of Ir single atom anchored on Ni(OH),, which is due to the strong electronic

Open Access Article. Published on 13 April 2026. Downloaded on 4/14/2026 6:36:15 PM.

interaction between Ir single atoms and support matrix.’! The post-electrocatalysis
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characterizations, FESEM and XPS analysis were performed for the Irsxc-Co304. The nanoflower-
like morphology of Irsac-Co304 was retained (Fig. S9). Moreover, XPS analysis was used to
determine the chemical and electronic states of elements after electrocatalysis. The presence of all
elements was confirmed by XPS survey spectra (Fig. S10a). The high-resolution XPS of Co 2p
(Fig. S10c) reveals two doublets and three satellite peaks. The binding energy value of Co 2p;3.
remains constant with peaks at 780.04 and 781.27 eV, and for Co 2p,,, peaks appeared at 795.06
and 796.44 eV. Moreover, O s binding energy of remains constant, and appears at 530.22, 531.69,
and 533.23 eV (Fig. S10b). The binding energy for Ir also stays the same, and appears at 62.31
and 60.44 eV for 4f;, and 4f5,, respectively (Fig. 5d). The post-XPS analysis shows that the
electronic state of both Co and Ir remains unchanged after the 96 h stability test, which represents

the superior robustness of the Ir single atoms on Co3;04 support. To further confirm the firmness
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of the Ir single atoms on Co3;0,4, ICP-OES analysis of the electrolyte after 24 h of electrocatalysis
was performed. The amount of Ir in electrolyte was insignificant which indicates no leaching of Ir
atom during catalysis. Moreover, following a 24 h stability test (chronoamperometry analysis),
UV-Vis spectrum (Fig. 5e) of the electrolyte exhibits no absorption peak, compare to the UV-Vis
spectrum of IrCl; solution. The presence of two prominent peaks at 375 and 412 nm corresponds
to hydrated Ir3* ions in IrCl; solution. A digital image of the electrolyte after electrocatalysis (inset
of Fig. 5e) shows a colorless solution, suggesting no catalyst leaching. Furthermore, post
electrocatalysis HAADF-STEM analysis performed to ensure the stability of Ir single atoms on
support. The bright, isolated spots corresponding to the Ir single atoms uniformly dispersed across
the support matrix (Fig. 5f and g) shows that there is no aggregation of Ir single atoms during the
electrocatalysis.

To further gain insight into the possible changes in the catalyst surface after
electrocatalysis, HRTEM and FFT analyses were performed following 27 h of
chronoamperometry. The post electrocatalysis HRTEM image (Fig. 5h) demonstrates that the
sample maintains its highly crystalline lattice fringes for cubic Co;04 phase. However, we also
observed the presence of surface reconstructed layer that shows lower crystallinity as compared to
Co304 phase. This region corresponds to the formation of CoOOH active phase during the
electrocatalysis. The associated FFT images corresponding to this reconstructed surface region
exhibit diffuse diffraction spots that matches with the hexagonal symmetry of the CoOOH (Fig.
5i). Meanwhile, the FFT pattern of crystalline region exhibits the distinct cubic diffraction spots
(Fig. 5j), consistent with spinel Co;0,4 These findings confirm that during electrocatalytic OER
the oxide surface reconstructed into the highly active oxyhydroxide phase. The phenomena of
surface reconstruction confirmed from HRTEM analysis is well reported in the literature. Li and
co-workers, reported similar surface reconstruction of Co-Cr spinel oxides to the CoOOH phase.
The surface reconstruction and formation of CoOOH was identified by the post electrocatalysis
HRTEM images, where the poor crystalline region emerges due to the formation of active oxy-
hydroxide phase during OER.3? Zou and co-workers, also reported a similar structural evolution
of Co304 to cobalt oxyhydroxide (CoOOH) during OER in 1 M KOH. The presence of CoOOH
was validated by the post electrocatalysis HRTEM analysis. The reconstructed surface shows a
clear boundary between crystalline Co;04 core and CoOOH shell with different crystallinity.33
Mori and co-workers, find the amorphous reconstructed layer with the help of both HRTEM and
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corresponding FFT images.>? Along with post-electrocatalysis HRTEM analysis, Raman analysis
of Irsac-Co304 sample after 24 and 48 h (chronoamperometry) was analyzed to further verify the
surface reconstruction. Irgac-Co3;04 sample exhibits the characteristic Raman peaks (Fig. S11) at
~677, 608, 512, 189 and 471 cm!, associated with A,,, three F», and E, phonon modes of Co30s,,
respectively. The A, and F,, band can be related to the Co**-O and Co?*-O bond, respectively.>
The Raman spectra of post electrocatalytic sample exhibits a significant red shift in the peak
positions. This shift signifies the weakening of Co-O bonds, formation of oxygen vacancies, and
surface reconstruction.> >3 Huang and co-workers reported similar red shift to the Raman peak
positions for Co;0,4/CeO, after OER. The shift further attributed to the changing in the local
bonding environments due to surface reconstruction.’® Post-electrocatalysis XRD analysis (Fig.
S12) shows clear and prominent peaks, which are well matched with Co;04 (JCPDS 00-042-1467).
The well-matched 26 values show there is no change in the crystal structure of the sample.
Therefore, all these analyses strengthen the robust electronic interaction and durability of Ir single

atoms on the Co3;0,4 support matrix.

5. First-principles DFT Calculations

5.1. Crystal structures of Co3;04 and Irgyc-Co3;04 systems

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Under ambient pressure (P = 0 GPa), the Co;04 compound exhibits a spinel crystal structure and

belongs to face-centered cubic symmetry with space group Fd3m and space group number 227.
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The unit cell of the crystal consists of two non-equivalent Co ions with varying valence
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configuration viz., Co*>" and Co?". While the four O atoms in the unit cell form several tetrahedral
environments by surrounding each Co?* ion, the Co3* ion, on the other hand, is enclosed by six O
atoms in order to form octahedral coordination. The optimized crystal structure of Co30y4, so
attained from the DFT calculations, is shown in Fig. 6(a). The associated optimized lattice
parameter of the system is estimated to be ~ 8.046 A, which is found to match closely with our
XRD result (vide supra) and other literature as reported elsewhere 37> 3.

To model the Irsac-Co304 compound, a Co atom has been substituted by a single Ir atom
on the Co;04 crystal. The substitutional site for Ir in the Co30, lattice was selected based on the
local coordination environment, guided by experimental XAS analyses. Specifically, the
coordination number (CN) between Ir and surrounding oxygen atoms has been considered by

setting the Ir-O CN to 3 in our model. This choice closely matches our experimental EXAFS
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results, which estimate the Ir—O coordination number to be ~3.01, as depicted earlier (vide supra).
Such a coordination number is characteristic of tetrahedral sites in the spinel Co;0, structure. Co
atoms are typically coordinated to three or four oxygen atoms, depending on lattice distortion and
relaxation effects. Thus, we assigned Ir substitution at the tetrahedral Co site, as it best reproduces
the local structure observed experimentally. The optimized crystal structure of the Ir-gac Co3;04

system with Ir substitution at the tetrahedral Co site is illustrated in Fig. 6.

The defect formation energy (AE), as calculated using Equation S1 (Supplementary
Information), substantiates the thermodynamic preference between tetrahedral and octahedral
sites. The AE values for Ir substituted tetrahedral and octahedral sites of Irgsc-Co0304 are estimated
to be -76.61 Ry and -73.44 Ry, respectively, suggesting a favorable structural configuration
towards Ir substitution at the tetrahedral Co site with lower AE. This result also prioritizes
consistency with measured local atomic structure, which is critical for accurately representing the
active site geometry of single-atom catalysts. Therefore, the tetrahedral substitution of Ir is both
experimentally supported and structurally justified. In this context, it is noteworthy to mention
that, within the present DFT framework, additional oxygen vacancies were initially introduced
explicitly on the (001) plane of the bare Co304 system, as illustrated in Fig. S13. The calculated
AE value for this O-vacant configuration is 79.92 Ry, and its positive magnitude indicates that the
oxygen-deficient system is energetically less stable than the pristine Co;04 lattice. Since the lattice
parameters and atomic coordinates of the pristine Co;0,4 structure were directly adopted from
experimentally refined crystallographic data, the model inherently reflects the intrinsic oxygen
vacancy characteristics typically present in the spinel framework.>® This modeling strategy ensures
that the structural model realistically captures the defect environment observed in Co;O4-based
systems, thereby maintaining close consistency with experimental conditions. Consequently, to
avoid artificial amplification of defect effects and to preserve the intrinsic electronic environment

of the system, no additional oxygen vacancies were introduced in the calculations.
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(b)

Fig. 6. Optimized crystal structures of (a) Co;04 and (b) Irsac-Co50;, as attained from the DFT

calculations.

5.2. Electronic characteristics of Co;04 and Irgyc-Co3;04 systems

The electronic band structures (E-k diagrams) of Co;04 and Irgac-Co3;04 compounds, as

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

estimated from the HSE functional, are shown in Fig. 7A and B, respectively. While the PBE

functional is reported to underestimate the band gap (E,) value of the Co30, system.6-62 The
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PBE+Hubbard-U level of theory is known to overestimate the E, value of the same compound ¢

61 relative to the experimental result (E, = 1.60 eV).5* Considering the fact, the E, values of the

(cc)

studied compounds have been calculated using the HSE functional with a screening parameter
value of 0.20. The HSE functional, in general, is recognized to predict the E, values of the systems
close to the experimental findings.®*-%” From Fig. 7A., it is observed that Co;0, exhibits an indirect
(direct) band gap opening along X—W (X—X) high-symmetry direction with E, value of ~1.60
eV (1.64 eV). The E, value of the compound, so attained from the HSE functional, is in good
agreement with its experimental band gap as reported by Shinde et al.5® Interestingly, distinct band
dispersions in E-k diagram of Irsac-Co304 material have been observed in Fig. 7B. Significant
localization of electronic energy states on the Fermi energy level (E-Eg= 0 eV) indicates that Irgac-
Co304 is a conductor with an E, value of 0 eV. The metallic behavior of Irgac-Co304 further

promotes electron transfer efficiency and electrocatalytic activity towards OER performance.8-70
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The associated orbital resolved PDOS of Co;04 and Irsac-Co304 compounds are depicted
in Fig. 7a and b, respectively. The PDOS plots of the systems also reveal their respective
semiconducting and metallic behaviors in line with the E-k diagrams [Fig. 7(A, B)]. From Fig. 7a,
considerable asymmetries between up and down spin channels of PDOS have been reflected,
which in turn results in a finite magnetic moment of 3.47 ug/cell. The magnetic moment of Co304,
as attained from the HSE functional, is in close agreement with the experimental observation as
reported elsewhere.’® Fig. 7a shows that while the up-spin channel of valence bands ranging from
-1.5 to 0 eV for Co30, system primarily originates from Co’**-4s, Co**-3d, Co?"-4s and Co?*-3d
orbitals, the down spin channel, on the other hand mainly comes from Co**-3d and Co?*-3d
orbitals. However, weak contribution of O-2p orbitals has also been noticed on both the up and
down spin channels of valence bands. The up and down spin channels of conduction bands ranging
from 0 - 1.5 eV mostly consist of Co*"-3d, Co**-3d, O-2p and Co*'-3d, Co?"-3d orbitals.
Surprisingly, clear symmetries between up and down spin channels of PDOS spectra for the Irgac-
Co5;04 compound have been portrayed in Fig. 7b. This observation shows an early indication of
antiferromagnetic behavior of Irgac-Co3;04 crystal system From Fig. 7b, definite contribution of
Ir-5d atomic orbital has been noticed in addition to Co**-3d, Co?"-3d and O-2p orbitals on both the
up and down spin channels of PDOS. These results collectively suggest that Ir single atom doping
is vital in boosting the electrocatalytic performance of the Irsyc-Co30,4 compound, aligning well
with our experimental results (vide supra). Additionally, upon introduction of Ir single atom,
considerable Ir-O and Ir-Co interactions have been found to induce local structural relaxation, as
evidenced from the orbital resolved PDOS of Irgac-Co3;04 compound [Fig. 7(b)]. Owing to the
larger atomic radius of Ir compared to O, local lattice distortion occurs, which can effectively
suppress some pre-existing oxygen vacancies, thereby lowering their concentration. Similar effects
of single atom anchoring leading to vacancy passivation have been reported in other systems.”!- 72
Importantly, despite the reduced oxygen-vacancy concentration, the electronic coupling between
Ir atoms and the Co;04 matrix introduces new electronic states and optimizes charge redistribution
near the Fermi energy level [Fig. 7(B, b)], which in turn may enhance catalytic activity. Therefore,
the increase in OER performance can be ascribed to the synergistic electronic effects and strong

coordination of Ir atoms within the Co;0,4 framework.

The modulation of the electronic structure upon Ir single-atom doping has been further

quantified through d-band center analysis derived from the PDOS. For pristine Co;0,, the d-band
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center values of Co*" and Co?" were located at -1.63 ¢V and -1.21 eV relative to the Fermi energy
level, respectively, indicating relatively deep-lying d states consistent with its semiconducting
nature, as also reflected in the E-k diagram and PDOS spectra (c¢f. Fig. 7). Upon introduction of Ir
single atom, a pronounced shift of the d-band centers was observed, with Co** shifting to -1.05 eV
and 0.44 eV, and Co?" to -0.51 eV and 0.19 eV, while the Ir d-band center values were positioned
close to the Fermi energy level (-0.22 eV and 0.29 eV). This significant shift toward the Fermi
energy level is attributed to strong orbital hybridization among Ir-5d, Co-3d, and O-2p states, as
evidenced by the PDOS results, which show enhanced electronic states near the Fermi energy and
a transition from semiconducting to metallic behavior. Such hybridization, coupled with charge
redistribution from metal centers to oxygen atoms, leads to a reorganization and broadening of the
d states, thereby elevating their energy closer to the Fermi energy level. The upshifted d-band
center may imply a strengthening of the interaction between the catalyst surface and oxygenated
intermediates, facilitating improved adsorption of *OH and *OOH species while maintaining
favorable kinetics for *O formation and O-O bond coupling. Consequently, the optimized
positioning of the d-band center in the Irsac-Co;0, matrix enables a balanced adsorption-
desorption behavior, thereby enhancing the intrinsic electrocatalytic activity toward the oxygen

evolution reaction. This analysis, in conjunction with the PDOS observations, confirms that the

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

improved OER performance originates from Ir-induced electronic structure modulation and

synergistic coupling within the Co;0,4 framework rather than solely from pristine Co30s.
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Fig. 7. Electronic band structure of (A) Co;04and (B) Irsac-Co3;0,4 systems, Orbital resolved PDOS of (a)
Co0;04and (b) Irgac-Co304 compounds [The Fermi energy level is marked at E-Ex = 0 eV. “Up” and
“Down” represent up spin and down spin states]. Free energy versus OER pathway for (c¢) Co and (d) Ir

atomic sites of Co30,and Irgsc-Co3;0,4 systems, respectively.

5.3. Charge transfer mechanism and Bader charge analyses in Irgyc-Co30,4 system

To elucidate the electronic interaction between the Ir single atom and Co;04 matrix, Bader charge
analysis has been performed. Bader charge difference reveals that Ir and Co atoms undergo
electron depletion of +0.86 ¢ and +0.50 e, respectively, while oxygen atoms exhibit electron
accumulation of -1.35 e. This charge redistribution indicates that electrons are transferred from the
transition metal centers to the surrounding oxygen atoms, leading to the formation of electron-
deficient Ir and Co species and electron-enriched O sites. Such behavior suggests that the
incorporation of the Ir single atom induces significant electronic perturbation within the Co3;04
crystal system, with Ir acting as a dominant charge modulation center. The resulting charge
polarization is facilitated through strong Ir-O-Co interactions, giving rise to enhanced metal-

oxygen co-valency and orbital hybridization. This interpretation is further supported by the orbital-
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resolved PDOS results (vide supra, cf. Section 5.2), wherein notable contributions from Ir-5d states
in conjunction with Co-3d and O-2p orbitals near the Fermi energy level confirm strong electronic
coupling and redistribution of electronic states upon Ir incorporation. The increased O-2p
participation near the Fermi energy level is consistent with the observed electron accumulation on
oxygen atoms, indicating improved charge delocalization across the lattice. Consequently, the
formation of electron-rich oxygen sites is expected to promote proton-coupled electron transfer
and stabilize key OER intermediates (*OH and *OOH), while the electron-deficient Ir center may
enhance the electrophilic character of the active site, facilitating *O formation and subsequent O-
O bonding. In addition, the partial oxidation of Co sites further tunes the adsorption energetics,
enabling an optimal balance between intermediate binding strength and reaction kinetics.
Therefore, the enhanced OER activity of the Irgac-Co;04 compound is attributed to the synergistic

electronic coupling and charge redistribution induced by Ir single atom.

5.4. Electrochemical reaction pathway and active site(s) for OER
To better understand the electrocatalytic water-splitting process and active site(s) for OER, free
energy changes were calculated as a function of the electrochemical reaction pathway. The

calculations were performed for Co and Ir atomic sites of Co3;04 and Irgac-Co304 compounds,

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

respectively. Fig. 7c and d show the results. Each site's overpotential (1) value was calculated for

its rate-determining step (RDS). Although the RDS for the Co atomic site of Co;0O4 can be
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estimated from the formation of O,, the RDS for the Ir site of the Irgac-Co3;04 system is correlated
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with the oxidation of OH* in the OER process.”*7> From Fig. 7c and d, the 1 values of Co and Ir
atomic sites in Co3;04 and Irsac-Co304 systems have been estimated to be 0.35 and 0.26 eV,
respectively. The minimum 1| for Ir site of Irgac-Co3;04 compound indicates the efficacy of Ir SAC

as the predominant active site for OER mechanism.

The binding energy difference of oxygen intermediates is directly linked with n values of
the atomic sites.”® From Fig. 7c and d, the binding energy differences for OOH* - O, and OH* -
O* intermediates of Co and Ir atomic sites along the reaction pathway are found to be 0.35 and
0.26 eV, respectively. This observation not only suggests that Ir active site possesses lower binding
energy in contrast to Co site, but also shows that the estimated binding energy difference (= 0.26
eV) falls under the optimal values of binding energy for OER activity elsewhere.”’#0 The overall

results portray that Ir single atom doping on Co;04 enhances the OER performance towards an
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improved electrocatalytic water-splitting mechanism in line with the experimental observations
(vide supra).

In this connection, it may be relevant to mention that the mechanistic interpretation of the
OER pathway can also be correlated with experimental electrochemical data. The Tafel slope
obtained for the Irgac-Co304 system is 76 mV/dec, indicative of a RDS involving the OH* to O*,
as suggested by classical electro kinetic models for alkaline OER. This observation is in good
agreement with the DFT results, which identify the OH* — O* transition as the RDS on the Ir
site, with an associated overpotential of 0.26 eV, lower than that of the Co site in pristine Co;0,.
The reduced energy barrier and optimized binding energy difference of OH*—O* on the Ir center
suggest that Ir substitution enhances the OER kinetics by stabilizing key intermediates and
lowering the energy requirement for the rate-limiting step. This mechanistic correlation between
theoretical predictions and experimental electrochemical data underscores the significance of Ir-

SAC doping in promoting OER activity.

Conclusions

To summarize, a three-step process was used to synthesize an Ir single-atom catalyst on Co;04
support. The first phase is the hydrothermal process, which involves the formation of a cobalt-
carbonate-hydroxide complex, followed by the impregnation of Ir ions over the metal hydroxide
complex and subsequently calcination, which results in Ir single atoms on Co3;04 support. XRD of
the synthesized sample confirms the formation of the pure phase of Co;0,. Moreover, no
diffraction peak corresponding to the IrO, and metallic Ir is observed. FESEM analysis confirms
a nanoflower morphology with edge lengths ranging from 100 to 400 nm. The vertically grown
nanoflower morphology and rough surface are highly active for electrocatalytic OER.
Furthermore, the presence of single atoms is validated by HAADF-STEM images and XAS
analysis. The HAADF-STEM mapping confirmed an atomic distribution of Ir single atoms on the
substrate matrix. EXAFS analysis shows no peak of Ir-Ir bond for Irgac-Co304 sample, providing
a strong affirmation for the existence of Ir single atoms. These single atoms stabilized on the Co3;04
support matrix via interacting with the support atoms and form Ir-O, and Ir-Co bond pairs. The
bonding results in strong electronic coupling between the Ir single atoms and Co;04 matrix that
modifies the electronic state of Ir and leads to its increased density of unoccupied orbitals.

Furthermore, the valence state of Co atoms is enhanced as a result of electronic interaction with
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highly oxidized Ir single atoms, which further strengthens the overall electrocatalytic performance
of the material. Consequently, the improved electrocatalytic OER efficiency results from the
combined synergistic interaction of the support matrix and Ir single atoms. An adequate loading
of Ir (3.04 wt%) was observed with the help of ICP-OES analysis. The synthesized Irgac-Co304
shows improved OER activity in alkaline medium, exhibiting an onset potential of 1.51 V vs. RHE
to generate 10 mA/cm? current density with a stability up to 96 h. This extended durability of Trsac-
Co;04 demonstrates that Ir single atoms do not aggregate throughout the electrocatalysis. The
calculated TOF value for Irgyc-C0304 is 0.03 S-!, which is 15 times higher than the benchmark
IrO,. Post-electrocatalytic XPS analysis shows no substantial change in the oxidation state of Ir
single atoms as well Co atoms of the support matrix. Furthermore, post-electrocatalytic ICP-OES
analysis confirms no leaching of Ir atoms into the electrolyte. Both results demonstrate the robust
electronic coupling between single atoms and the support matrix. The calculated optimized binding
energy values of intermediates during OER by DFT calculation revealed an optimum binding
energy for Ir sites, indicating that Ir is an active site for OER. Therefore, this work demonstrates
an anchoring of a single atom Iridium on Co3;0,4 support with a strong synergistic electronic
coupling, which indeed improve the electrocatalytic performance towards OER in alkaline

conditions.
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Scheme 1: Power point presentation

Figure 1: Electron microscopy characterisation: ImagelJ software
Figure 2. X-ray absorption spectroscopy analysis: Athena and Artemis software

Figure 3. X-ray photoelectron spectroscopy: Casa XPS, Thermo Avantage
software, OriginPro 9.0

Figure 4, and 5. OriginPro 9.0 software
Figure 6. and 7: Quantum ESPRESSO (version 7.1) software. Visualization:

Vesta and OriginPro 9.0.

All data supporting the findings of this study are available within the paper and
ESI file.


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ta00849f

